Abstract: A new technique for tripling the frequency of a microwave signal is presented. It is based on an integrated dual-parallel Mach-Zehnder modulator, which generates two orthogonally polarised RF modulated optical signals with different modulation indexes, and a polarisation-dependent optical attenuator. The photodetector output fundamental RF components generated by the two orthogonally polarised RF modulated optical signals have the same amplitude but an opposite phase, which are cancelled, leaving the frequency tripled microwave signal and the unwanted fifth order harmonic. The new frequency tripler has a simple structure, a wide bandwidth, and a high electrical spurious suppression ratio. Experimental results are presented demonstrating three times frequency multiplication of different-frequency microwave signals with electrical spurious suppression ratio of over 20 dB. The phase noise and the stability performance of the frequency tripler are also investigated experimentally.
Introduction
Recently, in addition to conventional signal processing functions such as filtering, mixing and phase shifting [1] , a number of microwave photonic devices have been developed for storing and generating microwave signals [2] , [3] as well as measuring microwave signal frequencies [4] , [5] . Generating microwave signals based on frequency multiplication using electro-optic modulators is attractive due to its advantages of stable and low phase noise performance. It has applications including wireless communication, spectroscopic sensing and radar. Various microwave photonic structures for realising frequency doubling [3] , quadrupling [6] , sextupling [7] and octupling [8] have been reported. They are based on eliminating the optical carrier and the unwanted sidebands of an RF modulated optical signal leaving the nth order sidebands beat at the photodetector to generate a frequency component with 2n times the input microwave signal frequency. Due to the symmetricity of the modulator output optical spectrum, it is difficult to generate a frequency component with the frequency that is an odd number times the input microwave signal frequency. For example, frequency tripling requires the elimination of the optical carrier and one first order sideband in a modulator output. As such only few microwave photonic frequency tripling structures have been reported [9]- [13] . The structure presented in [9] relies on using a wavelength selective switch as an optical filter to filter out all the sidebands from an optical phase modulator except the first right sideband and the second left sideband. Although this technique is simple, the operating frequency range of this frequency tripler is limited by the bandwidth and the tunability of the wavelength selective switch. Other techniques such as using a Fabry Perot laser with sideband injection requires two laser sources and can only achieve 10 dB electrical spurious suppression ratio (ESSR) [10] , where ESSR is defined as the ratio of the generated frequency tripled signal to the dominant unwanted frequency component, and using four wave mixing in a semiconductor optical amplifier [11] or using a dual-series modulator structure [12] require two optical filters to remove the unwanted sidebands, which limits the operating frequency range of the frequency tripler. Frequency tripling can also be implemented by stimulated Brillouin scattering (SBS) in a single mode fibre [13] . However, this technique requires a long length of single mode fibre as a Brillouin medium and most importantly the operating frequency of this tripler is limited by the Brillouin linewidth and the Brillouin frequency of the medium used for the SBS process, which is only few tens of MHz at around 11 GHz for a single mode fibre.
This paper proposes a new approach to tripling the frequency of a microwave signal based on an integrated dual-parallel Mach Zehnder modulator (DPMZM) and a polarisation-dependent optical attenuator. The unwanted frequency components such as the first order harmonic, i.e., the fundamental RF component, and the even order harmonics are suppressed at the photodetector. This is different to the conventional microwave photonic frequency multiplication technique that aims to eliminate the optical carrier and the unwanted sidebands of an RF modulated optical signal. Suppressing the fundamental RF component and maximising the ESSR are done by designing the modulation indexes and the optical power difference of two orthogonally polarised RF modulated optical signals. Experimental results demonstrate frequency tripling of a 5.5 GHz microwave signal with >20 dB ESSR. Fig. 1 shows the structure of the proposed photonics-based microwave frequency tripler. The laser source provides a continuous wave light with the polarisation state aligned parallel to the slow axis into an integrated DPMZM, which comprises two Mach Zehnder modulators (MZMs) and a 90°polarisation rotator. The input microwave signal is split by a power divider into the MZMs, which are biased at two different quadrature points with an opposite slope in the transfer function. Hence there are no even order harmonics generated after photodetection and the odd order harmonics from the two modulators have an opposite phase. Note that the microwave signal passes through an attenuator before entering the bottom MZM. Therefore the RF modulated optical signals at the output of the bottom MZM has a smaller modulation index compared to that at the top MZM output. The polarisation state of the RF modulated optical signal at the bottom MZM output is rotated by 90°via a 90°polarisation rotator before combining with the RF modulated optical signal from the top MZM at the polarisation beam combiner (PBC). Therefore, the output of the integrated DPMZM consists of two orthogonally polarised RF modulated optical signals with different modulation indexes. The polarisation-dependent optical attenuator at the DPMZM output attenuates the light travelled parallel to the slow axis. Hence the optical power of the RF modulated optical signal from the top MZM output is attenuated. The amount of the optical power attenuation is designed so that after photodetection the fundamental RF signals generated by the two orthogonally polarised RF modulated optical signals have the same amplitude. Since they have an opposite phase, they are cancelled at the photodetector. However, the third order harmonic, i.e., the frequency tripled signal, and the higher odd order harmonics from the two orthogonally polarised RF modulated optical signals have different amplitudes as shown in the inset of Fig. 1 . This is because the amplitude of the nth order harmonic is proportional to the nth order Bessel function of first kind and the attenuation introduced by the polarisation-dependent optical attenuator. Controlling the amount of the optical attenuator attenuation can only match the amplitude of one of the nth order harmonics in the two orthogonally polarised RF modulated optical signals, which is the first order harmonic or the fundamental RF signal in our case and hence it is cancelled after photodetection. Therefore, the frequency tripler output consists of the frequency tripled signal and the higher odd order harmonics. The modulation index and the electrical attenuator attenuation can be designed to maximise the power difference between the frequency tripled signal and the fifth order harmonic, which is the dominant unwanted frequency component.
System Configuration and Principle
The DPMZM based frequency tripler has a simple structure as it only requires an integrated DP-MZM (Fujitsu FTM7980EDA) and a polarisation-dependent optical attenuator, which are commercially available. The polarisation-dependent optical attenuator can be implemented by inserting an optical attenuator between a polarisation beam splitter and a PBC. Alternatively, different amounts of attenuation can be introduced to two orthogonally polarised light components by applying a DC voltage into a MZM that supports two input light polarisation states with different modulation efficiencies. Such modulator is available from Thorlabs (LN05-FC intensity modulator). Note from Fig. 1 that a power divider is used to split a microwave signal into two before applying to the modulators. A power divider is a low cost component and can be made to operate over a very wide frequency range of 1-65 GHz [14] . Also note that commercial electrical attenuators have a frequency dependent characteristic and hence they have slightly different amounts of attenuation for different input microwave signal frequencies. However, the effect of frequency dependent attenuation in the electrical attenuator can easily be compensated by controlling the optical attenuator attenuation. Hence the DPMZM based frequency tripler can be operated over a wide frequency range, which is only limited by the bandwidth of the power divider. On the other hand, the frequency tripling techniques that rely on using optical filters to filter out the unwanted optical sidebands [11] , [12] require tuning the optical filter centre frequency and bandwidth when the input microwave signal frequency changes. This is more complicated and expensive compared to controlling the attenuation of an optical attenuator. Furthermore, critical control in the laser source wavelength and the optical filter centre frequency are needed in the optical filter based frequency tripling technique to obtain a stable performance. Unlike many microwave photonic frequency multipliers [8] , the performance of the proposed frequency tripler is independent to the modulator extinction ratio. Hence a high extinction ratio modulator is not required. It should be pointed out that it is possible to use a single MZM to implement a microwave photonic frequency tripler. This is done by designing the power of the input microwave signal so that the modulation index β RF is 3.83 to cancel the output fundamental RF component, which has an amplitude proportional to J 1 (β RF ) 2 where J n (x) is the Bessel function of nth order of first kind. However, this technique requires a high modulation index, which in turn requires a high input RF signal power, but commercial MZMs have limited input RF power handling capability. Furthermore, a high unwanted fifth order harmonic is generated for a high modulation index of 3.83. This limits the ESSR to 11.1 dB.
Analysis and Simulation Results
Assuming the two MZMs inside the integrated DPMZM have the same switching voltage V π . They are biased at two different quadrature points with an opposite slope in the transfer function and are driven by a microwave signal with an angular frequency ω RF . Since the optical signals from the top and bottom MZM are combined incoherently at the PBC, the optical power at the DPMZM output is the sum of the optical power travelled in the top and bottom path of the DPMZM, which can be written as
where t ff is the DPMZM insertion loss, P i n is the continuous wave laser power into the modulator, β RF = πV RF /V π is the modulation index of the top MZM, V RF is the input RF voltage, γ is the ratio of the bottom and top MZM modulation indexes, andx andŷ are the polarisation states representing light travelling in the slow axis and fast axis respectively. The polarisation-dependent attenuator attenuates the light travelled parallel to the slow axis by a factor of α. The DPMZM based microwave photonic frequency tripler output optical power into the photodetector is given by
Since the two MZMs are biased at the quadrature point, no even order harmonics are generated after photodetection. The frequency tripler output optical power at angular frequency ω RF can be obtained by collecting the terms that contain the angular frequency ω RF from (2) . Since the photocurrent is the product of the photodiode responsivity and the optical power, the photocurrent at angular frequency ω RF is given by
Equation (3) shows the fundamental RF component can be cancelled, i.e., I ω RF = 0 A, by designing the optical attenuator attenuation α to be
The photocurrents at angular frequency 3ω RF and 5ω RF , when the fundamental RF component is cancelled, can be obtained by collecting the terms that contain the angular frequency 3ω RF and 5ω RF from (2) respectively, and are given by
Note that the seventh and higher odd order harmonics are much smaller than the third and fifth order harmonics and are neglected in the analysis. The output electrical power at angular frequency 3ω RF and 5ω RF , which are the electrical power of the frequency tripled signal and the dominant unwanted frequency component, can be obtained from (5) and (6), and are written as
where R o is the photodetector load resistance. Equation (7) shows the power of the frequency tripled signal can be increased by increasing the laser source power. It can be seen from (7) and (8) that the power of the frequency tripled signal and the unwanted fifth order harmonic are dependent on the ratio of the bottom and top MZM modulation indexes γ and the top MZM modulation index β RF . They can be designed to maximise the ESSR, which is defined as the ratio of the electrical output power at 3ω RF and 5ω RF . Fig. 2 depicts the ESSR and the generated frequency tripled signal power as a function of the modulation index while γ is fixed at 0.5. This shows the power of the frequency tripled signal increases with the modulation index increases. However, the figure also shows a large modulation index results in a small ESSR. Fig. 3 shows the ESSR as a function of the ratio of the bottom and top MZM modulation indexes γ while the top MZM modulation index β RF is fixed at 1.85. It can be seen from the figure that the value of γ has little effect on the ESSR. For simplicity, choosing γ to be 0.5, which corresponds to 6 dB RF signal power attenuation at the bottom MZM input when the two MZMs have the same switching voltage, and a moderate modulation index of 1.85 results in 25 dB ESSR. Under this condition, the required polarisation-dependent optical attenuator attenuation for cancelling the fundamental RF component after photodetection is 1.47 dB. 
Experimental Results
An experiment was set up as shown in Fig. 4 to verify the principle of the new microwave photonic frequency tripler. Since an integrated dual-parallel MZM was unavailable, a single-drive MZM (EOSpace AX-OMSS-20-PFA-PFA) and a dual-drive MZM (Fujitsu FTM7937EZ200) were used instead. The modulators were biased at the quadrature point with an opposite slope in the transfer function. The optical sources for the single and the dual drive MZMs were a DFB laser and a wavelength tunable laser respectively. The wavelengths of the continuous wave light generated by the two lasers were 1550.12 nm and 1551 nm. The use of two different-wavelength optical sources was to ensure coherent mixing did not occur in the photodetector [15] , which is the same as the proposed structure shown in Fig. 1 where two orthogonally polarised RF modulated optical signals are combined incoherently at the photodetector. The power of the wavelength tunable laser was fixed at 15 dBm while the DFB laser power was adjusted to suppress the fundamental RF component at the tripler output. The microwave signal from a microwave signal generator (Analog Devices HMC-T2220) was split and was applied to the two modulators. Note that a low pass filter was connected at the microwave signal generator output to filter out the second and third order harmonics generated by the signal generator. A variable optical delay line (VODL) was connected to the output of the single-drive MZM for matching the lengths of two signal paths between the microwave signal generator and the photodetector. Since the two RF modulated optical signals had different wavelengths, they were combined incoherently at the photodetector (Discovery Semiconductors DSC30S) via a 50% coupling ratio optical coupler instead of using a 90°polarisation rotator and a PBC in the proposed structure. The photodetector had a 3 dB bandwidth of 22 GHz. Its output was connected to a 26.5 GHz bandwidth electrical signal analyser (Keysight N9000A).
Note that the two MZMs have different switching voltages. They have different modulation indexes even when the RF signal powers into the modulators were the same. Also note that the modulator switching voltages are frequency dependent. Hence it is important to measure the two MZM switching voltages at different frequencies to determine the modulation index β RF and the ratio of the two modulation indexes γ in the setup. The modulator switching voltage was measured by increasing the RF signal voltage V RF into the modulator until the photodetector output fundamental RF power, which is proportional to J 1 (β RF ) 2 , was maximised. Since J 1 (β RF ) 2 is maximised when β RF is 1.84, the modulator switching voltage can be obtained from the RF signal voltage that maximised the output fundamental RF signal power. The two modulator switching voltages were measured for different RF signal frequencies as shown in Table 1. The table shows a higher modulation index than the single-drive MZM. The modulation index ratios γ for different RF signal frequencies are also shown in Table 1 . They ranged from 0.322 to 0.388. According to Fig. 3 , the modulation index ratio within this range results in less than 1 dB difference in ESSR compared to that when γ = 0.5. Therefore an RF attenuator at the bottom MZM input was not used in experiment for simplicity. The powers of the microwave signals at different frequencies were designed based on the modulator switching voltages given in Table 1 to have a fixed modulation index of 1.85. The DFB laser power was adjusted accordingly to suppress the fundamental RF component at the tripler output. It should be pointed out that the problem of change in modulation index ratio with the RF signal frequency changes can be eased by using an integrated DPMZM as shown in Fig. 1 rather than two separated MZMs. In this case, the two MZMs are integrated on the same substrate and have almost the same frequency response characteristic. Hence the switching voltages of the two MZMs change by almost the same amount as the RF signal frequency changes. Therefore the modulation index ratio remains constant with frequency. Fig. 5 shows the microwave photonic frequency tripler output RF spectrum measured on the electrical signal analyser for the input RF signal frequency of 1 GHz, 3 GHz, 5 GHz and 5.5 GHz. It can be seen that the fundamental RF component is largely suppressed and the frequency tripled signal is the dominant frequency component in all cases. A small peak at the second and fourth harmonic frequencies can be seen in the figure. They are due to the modulators were operated slightly away from the quadrature point. The fifth order harmonic was around 25 dB below the frequency tripled signal and hence the frequency tripler has around 25 dB ESSR. The experimental results demonstrate the tunability of the microwave photonic frequency tripler and the high ESSR performance, which cannot be achieved by the previously reported microwave photonic frequency tripler structures. The stability of the frequency tripler was investigated by observing the tripler output on the signal analyser over a period of time in an ordinary air-conditioned room. The amplitude of the frequency tripled signal and the fifth order harmonic remain almost the same after 15 minutes. Though the surrounding temperature remained constant during the stability test, drift in modulator transfer function was observed as in [16] . This causes the output fundamental RF components from the two MZMs to have slightly different amplitudes, which leads to few dB increase in the fundamental RF signal power. The modulator transfer function drift also causes around 15 dB increases in the second order harmonic. A modulator bias controller can be used to overcome the modulator transfer function drift problem. Nevertheless, the experimental result shows the ESSR remained > 20 dB after 15 minutes demonstrating the frequency tripler has a stable output performance. It should be pointed out that all the frequency multipliers based on the external modulation technique require a modulator bias controller to avoid the bias drift problem to obtain a stable performance. Bias controllers for various modulator configurations including a dual parallel modulator configuration are commercially available [17] . Using an integrated DPMZM with a bias controller in the frequency tripler ensures long term stability irrespective of environmental perturbations. The frequency tripler drive signal at 5 GHz and the output frequency tripled signal were also measured in a 10 MHz frequency range as shown in Fig. 6 . The phase noise performance of the frequency tripler was measured on the signal analyser by setting the signal analyser resolution bandwidth to be 1 Hz and calculating the ratio between the power at the offset frequency and the peak power [11] . Fig. 7 shows the frequency tripler has around 10 dB deterioration in the phase noise performance compared to the drive signal, which is consistent with the theoretical prediction, i.e., 20log(M) M=3 = 9.5 dB phase noise deterioration where M is the frequency multiplication factor [8] .
Conclusion
A new microwave photonic frequency tripler has been presented. It is based on an integrated DPMZM and a polarisation-dependent optical attenuator. The cancellation of the unwanted frequency components at the tripler output is performed at the photodetector, which is different to the conventional frequency multipliers that rely on suppressing the unwanted sidebands in the optical domain. Simulations have been conducted to optimise the modulation indexes of the two MZMs to obtain a high ESSR and a high frequency tripled signal power. Experimental results demonstrate frequency tripling of different-frequency microwave signals with over 20 dB ESSR. The phase noise performance of the frequency tripled signal is measured and is agreed with theoretical prediction.
